Objectives Milling is a crucial step in producing restorations using computer-aided design and computer-aided manufacturing (CAD/CAM) systems. In this study the trueness of currently available milling devices was evaluated. Materials and methods Thirty clinical cases (ten inlays, ten crowns, ten onlays) were milled from ceramic blocks using four different milling approaches: five axis with IMES CORiTEC 450i, four axis with CEREC MCXL, four axis with CEREC MCXL-EF and five axis with inLab MCX5. The milled restorations were scanned and the occlusal and inner surfaces compared to the originally calculated 3D surface using difference analysis software. The (90-10 %) / 2 percentile of the distances were calculated and analysed using oneway ANOVA with the post hoc Scheffé test (α = 0.05). Chipping of marginal areas were visually examined and analysed using one-way ANOVA with a post hoc Tamhane test (α = 0.05). Results At inner surfaces, the milling trueness of IMES (33.9 ± 16.3 μm), X5 (32.3 ± 9.7 μm) and MCXL-EF (34.4 ± 7.5 μm) was significantly better (p < 0.001) than that of MCXL (62.1 ± 17.1 μm). At occlusal surfaces, MCXL-EF (25.7 ± 9.3 μm) showed significant higher accuracy (p < 0.001) than MCXL (48.7 ± 23.3 μm) and X5
Introduction
Accuracy is crucial in dental practice, particularly regarding the fit of restorations, even if production involves using computer-aided design (CAD) and computer-aided manufacturing (CAM). To improve the outcome of CAD/ CAM-manufactured restorations, all steps in production must be coherent and provide the necessary accuracy [1] .
Current CAD/CAM systems comprise three components: scanning, design and manufacturing [2, 3] . In terms of scanning, several studies have shown that, focusing on single preparations or fixed partial denture preparations, digital impressions yield a high accuracy [4] [5] [6] [7] . The outputs of the scanning process are point-clouds and triangle meshes, which are used in the second step, the design. There are many options available for adapting the design of the restoration. The morphologies that can be generated by using the biogeneric tooth model provide predictable occlusal contacts and can even be improved using information on dynamics by simulating articulation [8] . The setting of the cement space can be defined interactively and adjusted to precise values, and the effect of varying the marginal gap size can be evaluated [9] [10] [11] . Therefore, scanning and CAD satisfy the requirements for accuracy and adjustment.
As CAD/CAM restorations are mostly machined out of a material block [3] , the milling also needs to be accurate, as it can affect internal fit and thereby marginal gap size [12] . Imperfections at the margins can lead to inflammation of gingival tissue [13] . Increased marginal gap size can result in plaque accumulation and increased potential for microleakage [9, 14] . In clinical studies, a high rate of secondary caries has been attributed to marginal deficiency [15, 16] . If milling is performed with adequate accuracy, these disadvantages can be avoided. Another benefit of accurate milling is the reduced need for adaptation at internal surfaces [17] , which saves time. Furthermore, by reducing the need for manual finishing steps [3] at internal and occlusal surfaces, artificial material damage can be avoided and the quality of the restoration can be improved [18] .
To date, few investigations have focused on milling accuracy. Previous studies have mostly been restricted to analyse the fit of restorations [1, 11, [19] [20] [21] [22] [23] [24] . Marginal fit is one of the most crucial aspects of dental restorations [20] and should be assessed [25] . Direct microscopic examination is widely used and values for marginal gaps range between 8 and 206 μm [9, 26] . Analysis of cross-sectioned specimens or sectioned lightbodied replicas allows interpretation of internal fit and show values for internal gaps of between 68 and 297 μm [11, 12, 23, 27, 28] . The quality of the analysis is correlated to the number of measurement points [29] . Due to the necessary cutting process, there is a loss of information in the analogue twodimensional (2D) replica technique [20] , and an evaluation based only on 2D is disadvantageous [30] . Analyses based on micro-computed tomography are also used [9, 31] . They provide close sectioning and therefore allow a large number of measurement sites. Nevertheless, a digital 3D analysis provides comprehensive results over the complete surface, without data loss [20] . For 3D analysis, either a replica or manufactured specimen is scanned on top of the prepared tooth, followed by a scan of the prepared surface using the same coordinate system [20] [21] [22] 32] , or the surfaces of the prepared tooth and the manufactured restoration are superimposed by using software [1, 24, 27, [33] [34] [35] . Superimposition allows easy comparison between two situations [36] . Likewise, a combination of the replica technique and superimposition by software can be used [37] . Most of the studies using 3D analysis evaluated the fit of the restorations [1, 20-22, 27, 32, 37] , but not the overall surface quality of the fabrication process itself.
In order to evaluate the quality of the milling process, the entire surface of the milled restoration should be compared to the CAD data set sent to the milling device. To date, few studies have directly examined this kind of milling accuracy [17] . In the study mentioned before, surfaces of the virtual and milled restoration were directly compared and all milled surfaces, in particular, the inner and occlusal surface, were evaluated. A commonly used chairside milling device was found to achieve a trueness of 61 ± 22 μm for inner surfaces and 55 ± 18 μm for occlusal surfaces, while a five-axis device could achieve a trueness of 41 ± 15 μm for inner and 42 ± 10 μm for occlusal surfaces. Differences in the construction of milling machines and different machining strategies may influence the milling result [38] . In dental offices, three-or four-axis machines are widely used, whereas in milling centres, five-axis machines are more commonly used. The most common machining strategy is the Z-level strategy, where the restoration is milled on the basis of 2D curves analogous to contour lines [38] .
Accuracy involves two factors: trueness and precision. Precision delivers information about the closeness of measurement values to each other. Trueness delivers information about the closeness between measurement values and the true value [39] . The aim of the present study was to analyse the trueness of four actual milling processes, using different devices. The null hypothesis was that there would be no difference concerning milling trueness among the four milling processes.
Materials and methods
In order to determine an appropriate sample size, power analysis for one-way ANOVA was calculated using R (version 3.1.2; R Foundation for Statistical Computing, Vienna). The significance level was set to 0.05, power was set to 0.85 and the results of Bosch et al. [17] were used to estimate variance between the groups and within a group. As a result, ten specimens per group were required.
For this study, the restorations of 30 different cases consisting of 10 inlays, 10 partial crowns and 10 full crowns were fabricated using four different milling procedures. In total, 120 restorations have been examined. The 30 clinical cases were randomly selected from the large anonymised database of a dental clinic. The preparations were located at molars (25) and premolars (5) and met the claims for ceramic restorations. Eight inlay preparations involved three surfaces of the tooth, and two inlay preparations involved two surfaces. The preparations for partial crowns varied from three and four involved surfaces to full occlusal coverage always involving at least one cuspid and retaining at least one dental surface. The corresponding preparations had been digitized using an intraoral optical scan system (Cerec Bluecam or Cerec Omnicam; Sirona Dental Systems, Bensheim, Germany).
First, the digital models of the cases were collected from the database, digitally trimmed and stereolithographically fabricated from acrylate polymer (inCoris SL; infiniDent, Sirona Dental Systems) to produce master models for further handling. The printed models were slightly powdered (Helling 3D Laserscanning Anti-Glare-Spray; Helling, Heidgraben, Germany) and scanned with a laboratory scanning device (inEos X5, inLab version 4.2.5; Sirona Dental Systems) with several single images of the quadrant. On the digital master models, the preparation margin was defined and restorations were calculated using the following parameters (in μm): spacer, 80; marginal adhesive gap, 60; occlusal milling offset, 0; proximal contact strength, 25; occlusal contact strength, 25; dynamic contact strength, 25; minimal thickness (radial), 0; minimal thickness (occlusal) 0; and margin thickness, 0. Other parameters were set as follows: consider instrument geometry, no, and remove undercuts, yes. The datasets of the restorations were saved as STL files.
The data were imported into machine-specific CAM modules, where the required instrument geometry and milling strategy, according to the milling machine, was considered. The different milling procedures and instruments are shown in Table 1 . All restorations were milled in glass ceramic (VITABLOCS Mark II; Vita Zahnfabrik, Bad Säckingen, Germany) without any further changes to the restoration.
Group IMES was milled using a five-axis milling device CORiTEC 450i (imes-icore, Eiterfeld, Germany) and standard software iCAM V4.6 (imes-icore). Group MCXL was milled using four-axis milling unit inLab MC XL (Sirona Dental Systems) with inLab version 4.2.5 software (Sirona Dental Systems) and the twostep milling procedure. Group MCXL-EF was milled using four-axis milling unit inLab MC XL (Sirona Dental Systems) with inLab version 15.0.0 software and a new extra-fine two-step milling procedure. Group X5 was milled using a five-axis milling unit inLab MC X5 (Sirona Dental Systems) with inLab version 15.0.0 software.
Group MCXL served as control group, as this system has been used frequently before [10-12, 17, 19, 21, 22, 28, 31] and the used milling mode has been examined previously by Bosch et al. [17] . Milling time was reported and an average value for all groups calculated. After milling, the restorations were cleaned, dried and lightly and carefully powdered (Helling 3D Laserscanning Anti-Glare-Spray; Helling) and scanned with the inEos X5 (Sirona Dental Systems) using inLab version 4.2.5 software (Sirona Dental Systems). The milled restorations were scanned from multiple directions to acquire the complete inner and outer surfaces. The 3D surfaces were orientated in a similar direction as used for the previous calculated restorations, and data were exported as STL files.
The scanned 3D surfaces of the milled restorations were compared to the originally calculated 3D surface using difference analysis software (OraCheck version 2.0.1; Cyfex, Zurich, Switzerland). The occlusal or inner region of the two corresponding 3D surfaces were selected and superimposed by the software. After the superimposition, the area of interest was selected and the distances between the surfaces were calculated for each surface point. For each comparison, the distances were exported as CSV files. From all the differences obtained for one comparison, the 10th and 90th percentiles were calculated and the metric value for the deviation was defined as deviation measure (DM) = (90-10 %) / 2 percentile. The DM values were imported for all groups and restorations into statistical analysis software (SPSS 21; IBM, Armonk, NY, US), and the statistical significance of differences between groups and restorations analysed using one-way ANOVA with post hoc Scheffé test (α = 0.05).
In order to evaluate the accuracy of the method, two of the milled inlay restorations and two of the milled crown restorations were each scanned three times, including all steps described above. The 3D surfaces of the same restoration were superimposed pairwise onto each other and analysed as described above. Twelve comparisons were done for the occlusal and inner areas to obtain information about the precision of the measurement method itself. For further evaluation of the marginal areas, a visual examination was performed. The margins of each restoration were examined for marginal chippings using 2.5× magnifying glasses (Zeiss GTX; Carl Zeiss, Oberkochen, Germany). Chippings were classified as follows: rate 0 indicates no visible chipping (<50 μm), rate 1 indicates that small chippings were visible (50-100 μm) and rate 2 indicates that larger chippings (>100 μm) were visible. The investigator standardized the rating by visualizing chippings together using the difference analysis software (OraCheck version 2.0.1; Cyfex) and measuring the loss in dimensions. The margin of each restoration was rated in four sections (mesial, buccal, distal and oral), and the overall chipping for the restoration was defined as the highest rate in the four sections of the margin. The chipping values were imported into statistical software (SPSS 21; IBM) and differences analysed for statistical significance using one-way ANOVA with a post hoc Tamhane test (α = 0.05).
Results
The average accuracy of the used evaluation method was 9.1 ± 5.5 μm for the occlusal surface, 13.9 ± 8.2 μm for the inner surface and 11.5 ± 7.2 μm overall.
The means and standard deviations of the (90-10 %) / 2 percentile, used as a parameter of trueness, are listed in Table 2 for the inner surface and in Table 3 for the occlusal surface.
The milling trueness of the inner surface of groups IMES, X5 and MCXL-EF was significantly higher (p < 0.001) than group MCXL for overall, inlay and onlay restorations. For the inner surface of crowns, group MCXL-EF was significantly more accurate (p = 0.004) than group MCXL. Difference images showing the deviations of the test groups for one onlay restoration are shown in Fig. 1 .
The overall trueness of the occlusal surface of group MCXL-EF was significantly higher (p < 0.001) than that of groups MCXL and X5. The occlusal surface of inlays showed significantly lower deviations (p = 0.012) in group MCXL-EF than that in group MCXL. The occlusal surface of crowns did not show significant differences between the groups. For the occlusal surface of onlays, group MCXL-EF showed significantly higher accuracy (p = 0.031) than group MCXL.
The relative frequency of chipping ranks according to the visual examination for all restorations is shown in Fig. 2 . In general, group IMES showed significantly (p < 0.001) more chippings than all other groups. Inlay restorations showed significantly (p < 0.001) more chippings in group IMES than in groups MCXL and MCXL-EF, whereby the chipping rate for MCXL was significantly higher than that for MCXL-EF. For crowns, there were no statistically significant differences among the test groups. For onlays, group IMES showed statistically significantly (p = 0.008) more chippings than groups MCXL and MCXL-EF.
The average machining time was 32 min for group IMES, 15 min for group MCXL, 20 min for group MCXL-EF and 35 min for group X5.
The remaining sprue after milling differed among the four groups (IMES ca. 4 × 4 mm, MCXL ca. 1 × 2 mm, MCXL-EF ca. 1 × 2 mm, X5 ca. 1.5 × 1.5 mm).
Discussion
The aim of this present study was to analyse the trueness of four different milling procedures independent of other parts of the digital workflow (intraoral scanning and design). Milling trueness differed significantly between the test groups; thus, the null hypothesis had to be rejected. The inner surfaces exhibited higher trueness in groups IMES, MCXL-EF and X5 than in group MCXL. On the occlusal side, group MCXL-EF performed similarly or better than group IMES and group X5, except for the occlusal surfaces of crowns, where no significant differences were seen.
The clinical cases investigated comprised various different preparation designs and geometries, such as full crown preparations, partial crowns and inlays, with differences in the configuration of boxes, depth of cavitations, steepness of walls and angled curvatures. Preparations were made in accordance with the guidelines for ceramic restorations [40] . A wide spectrum of different geometries was delivered; however, the preparation designs were limited to single tooth restorations. The evaluation method used is bound to the scan accuracy of the extra-oral scanner. Characteristics, such as depth, steepness and multiple-angled curvatures, may influence scan accuracy, as values for scan accuracy can vary substantially, depending on the system used and the geometry of the scanned item [5, 41] . However, the geometric conditions were the same for all groups and should not have affected the scanning accuracy between the groups. Additionally, some rounding effects may occur when scanning sharp edges; this limits the efficiency of margin evaluation. For this reason, an additional evaluation step with visual examination was performed. Undoubtedly, powdering increases the measuring error for digital surfacing [42] . Yet, without powdering, accurate scanning is not possible. However, the evaluation method yielded highly reproducible results (11 ± 7 μm), taking into account the inaccuracy caused by powdering, scanning and the deviations occurring during superimposition. Therefore, the quality of the fabrication process of each machine could be evaluated very precisely.
By directly comparing the milled surface to the originally calculated surface, it was possible to evaluate the milling procedure in a single attempt. In contrast, when measuring marginal or internal gaps, the fit of the restoration can influence the results. Therefore, the previous findings of marginal [9, 26] and internal gap measurements [11, 12, 23, 27, 28] cannot be compared with the findings of this study. The present results are comparable with the results of Bosch et al., which used a similar approach [17] . They found that five-axis milling delivers high trueness and allows a more effective milling of surfaces close to the insertion axis [17] . Steep walls and small angles can be machined from different directions to provide a better outcome. Five-axis machining is mostly used in labside fabrication. It may have been expected that the labside milling devices, group IMES and group X5, would perform better than the chairside milling procedures in group MCXL and group MCXL-EF, as five-axis machining is available for both these labside devices. However, the chairside milling in group MCXL-EF provides results similar to those of group IMES and group X5. The advantages of five-axis machining may not play a major effect when grinding or milling single-unit fullanatomic restorations. Machining multi-unit restorations might cause other results because the different insertion axes and undercuts can be approached more flexible with five-axis milling units.
Milling strategy of group IMES and group X5 uses different instruments with one spindle in z-direction sweeping the restoration according to 2D curves analogue to contour lines. Groups MCXL and MCXL-EF use two spindles, grinding simultaneously from both sides, in a U-shaped movement. Additionally, two separate milling cycles are performed where the second cycle removes only 300 μm of residual material at all surfaces left from the first milling cycle [17] .
One additional advantage of industry-based five-axis milling units is the possibility of using instruments with different geometry with one motor spindle to provide optimal machining. In contrast to group MCXL, which uses the same The diameter of the used instrument affects the outcome of the milling process. If the instrument diameter exceeds the dimensions of curves in the preparation, unwanted cavities are produced [3] . The larger the diameter of the rotary instrument, the larger the cavities become. This may be a reason for the less accurate milling results in group MCXL than in the other three groups. An interesting observation was the chipping at marginal areas, which was mostly problematic for inlay and onlay restorations. The best results were seen in group MCXL-EF and group MCXL, but Group IMES did not perform as well as the other groups. This may be because the milling strategy had not yet been finally optimized and did not provide special protection of marginal areas. Yet, the manufacturer's recommended milling strategy for glass ceramic was used, without manual changes to the milling parameters. Glass ceramics are often used in single tooth treatment and milling should result in sufficient marginal quality when using this material. As glass ceramic is more prone to chipping than other materials [43] ; it should illustrate machining problems very clearly. The restriction to one milling material (VITABLOCS Mark II) in this study was considered reasonable, as different materials could be milled with different results even when using the same milling device.
The remaining sprue in group IMES was larger than that in the other three groups, which is disadvantageous, since its removal requires more time and shape correction. Milling time for group X5 and for group IMES was longer than that for groups MCXL and MCXL-EF. One reason for this difference is that the milling processes differ between the labside and chairside devices. While the labside devices use only one instrument at a time, the chairside devices simultaneously mill the inner and occlusal surface using two instruments. Therefore, the labside devices require an instrument change, as the instruments are used sequentially, whereas the instruments do not have to be changed for the chairside devices. In summary, the milling time for groups MCXL and MCXL-EF is more practical for chairside production. Although additional time is needed for group MCXL-EF than for group MCXL, the better milling results should outweigh this drawback, as less time should be required for manual adjustments prior to insertion. Furthermore, the occlusal and approximal contact points can be better predicted, with restorations fitting well from the start, so that less manual correction of occlusal contacts is subsequently necessary.
Conclusions
Within the limitations of this present study, it can be concluded that five-axis milling devices show high trueness. The MCXL extra-fine mode showed similar good results and offers the possibility of chairside fabrication with milling results comparable to those of five-axis milling units, and requiring less milling time.
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